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I. INTRODUCTION 
A. Statement of Problem 
The metastable and stable phase diagrams of the Fe-C-Si 
system were to be predicted at temperatures of interest by 
computer calculations. The calculations were to be based on 
the thermodynamic properties of the constituent binary 
systems. These properties include (1) lattice stability 
parameters which reflect Gibbs free energy differences for a 
single component phase change, (2) excess Gibbs free energy 
parameters which characterize the departure from the ideal 
solution behavior of a given binary system, and (3) Gibbs free 
energies of formation of known binary compounds. 
The thermodynamic properties were collected from selected 
literature. They were then used to calculate the constituent 
binary phase diagrams and the results were compared with the 
experimentally determined phase diagrams for evaluating the 
reliability of the binary data before the ternary phase 
diagrams were calculated. 
B. Purpose of Study 
The Fe-C-Si system is of practical importance in the 
metallurgy of steel and cast iron. For heat treatment, 
solidification, or alloy design utilizing the Fe-C-Si system, 
accurate knowledge of phase equilibria within the system is 
2 
desirable. The dependence of phase boundaries on temperatures 
and alloy compositions should be reliably determined in order 
to avoid the use of alloys with inferior properties. 
For the ternary and high-order alloys, the conventional 
methods of phase diagram investigation by metallography. X-ray 
diffraction or thermal analysis are time-consuming, laborious 
and costly, especially when the phases of interest approach 
equilibrium at a slow rate. Technology would benefit from a 
more rapid indication of equilibrium phase stability than is 
possible from conventional experimental techniques; therefore, 
an efficient and quick procedure for estimating phase 
equilibria is advantageous. 
Since the phase diagram and the thermodynamic properties 
of a system are interrelated, it should be possible to obtain 
the phase diagram from experimental thermodynamic data. The 
main purpose of the present study has been to do computer 
calculations of isothermal sections of the Fe-C-Si stable and 
metastable phase diagrams by using thermodynamic data from the 
three contributory binary systems. 
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II. LITERATURE REVIEW 
Phase diagrams are the geometrical representation of the 
various fields of distinguishable phases of a single component 
or multicomponent system coexisting in thermodynamic 
equilibrium due to the variation of internal or external 
variables. Hence, the phase diagram of a system, in 
principle, is a manifestation of its thermodynamic properties, 
and as more self-consistent thermodynamic information becomes 
available, it should be more common to calculate phase 
diagrams from their thermodynamic properties. 
Findings during early experimental investigations of 
phase equilibria in the Fe-C, Fe-Si and Si-C systems have been 
summarized by Hansen [1], Elliott [2] and Shunk [3]. Several 
versions of the C-Si diagram have been published since 1935. 
The reported data sometimes are conflicting, a good example 
being the work done by Ruff [4], Baumann [5], Scace and Slack 
[6], and Dolloff [7]. Though they all suggested a peritectic 
reaction and an eutectic transformation involving the 
intermediate compound SiC and very small solid solubility of 
the C in Si, there are appreciable difference with regard to 
the temperature and composition of invariant equilibria. 
The stable and metastable Fe-C diagrams have been 
investigated extensively. The diagram of Fig. 1 represents 
the phase equilibria in the Fe-C system as assessed by Hansen 
[1], Elliott [2] and Shunk [3]. 
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Figure 1- Experimental Fe-C phase diagram 
The Fe-Si diagram have been well established through a 
series of investigations, and the work has been critically 
reviewed by Hansen [1], Elliott [2], Shunk [3], Roster and 
Godecke [8], and more recently by Chart [9], and Kubaschewski 
[10]. Several iron silicides have been identified, but the 
main concern of the present investigation was in the iron-rich 
region of the system as indicated in Fig. 2 [10]. 
Appreciable work has been devoted to the study of 
mecastable and stable equilibrium in the Fe-C-Si system. Work 
prior to 1933 was summarized in a book by Greiner et al. [11]. 
In 1938 Jab and Hanemann [12] made a meaningful contribution 
to the understanding of phase equilibria in the ternary Fe-C-
Si system. Theirs was the most important contribution between 
1933 and 1966, and work on the system during that time period 
was reviewed by Schurmann and Hirsch [13]. Later important 
contributions were made by chipman [14] and others [15-22]. 
The most recent assessment of the system is that of Brewer £t 
al. [23] in 1973. No subsequent reports have been found that 
would significantly modify the assessment of Brewer et al. 
Even with this amount of experimental information available, a 
calculation is worthwhile in order to extrapolate into 
unexplored temperature and composition regions. 
The development of techniques for the calculation of 
phase diagrams has progressed over a period of forty years 
with early important work by van Larr [24], Wagner [25], 
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Figure 2. Experimental Fe-Si phase diagram 
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Brinkley [26], and White et al. [27]. Within the last fifteen 
years, the development has expanded rapidly with computer 
techniques enhancing the speed with which complicated 
calculations can be made. Numerous computer-calculated phase 
diagrams have now been reported. Leaders in the field are 
Kaufman and Bernstein [28], Ansara [29], Hillert and 
Waldenstrom [30], etc. Their work covers a spectrum from 
calculation techniques with no available experimental 
thermodynamic data [28] to the cases where reliable 
thermodynamic values have been established for all phases in 
the system. 
Extrapolation of binary data to the calculation of 
ternary phase equilibria is possible. The validity of such 
extrapolation depends upon the reliability of the input. 
Assessments of thermodynamic properties for binary Fe-C, Fe-Si 
and C-Si systems, especially the Fe-C system, have appeared in 
the literature. Raymond and Chipman [31] reviewed the 
thermodynamic functions for liquid and solid iron, Chipman 
[32] reviewed all the equilibria in Fe-C system, Harvig [33] 
reviewed the Fe-C system in the range 500-1150°C, and Agren 
[34] has reviewed the Fe-C system with particular emphasis on 
the magnetic contribution to the Gibbs free energy of alpha 
iron. The Fe-Si system was reviewed by Chart [8], and the C-
Si system has been reviewed by Kaufman [35]. 
Analytical expressions for the thermodynamic data of pure 
components and binary phases were derived in many of these 
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evaluations. In most instances, the derived expressions were 
checked by comparison of calculated with experimental phase 
diagrams. In some cases, close consistency was obtained as in 
the work by Kaufman and Nesor for Fe-C system [36,37], but in 
other instances the consistency was not what might be desired, 
e.g., the Fe-C system evaluated by Chipman [32]. 
Data concerning heats and entropies of mixing for ternary 
phases in the Fe-C-Si system are lacking. A method for 
evaluating these quantities had to be found. Various 
statistical models [38,39,40,41] or empirical interaction 
models [29,42,43,44] have been proposed for estimating the 
thermodynamic properties of ternary solutions from the 
properties of its binary components. Each statistical model 
requires assumptions of the bonding energies between atoms and 
the configurations within solutions. Sometimes, as reviewed 
by Ansara [29], the application of statistical models will 
yield resultant thermodynamic functions of mixing being 
symmetrical with respect to mole fraction while experimental 
results show this to be valid for only a very limited number 
of ternary systems. In the absence of a satisfactory 
statistical models to describe the bonding changes occurring 
in the different types of phases, empirical equations have 
been proposed; e.g. by Colinet [42], Kohler [43], Toop [44] 
and some others as summarized by Ansara [29]. These equations 
are based on the equation derived by Meijering [45,46] for the 
excess Gibbs free energy of mixing of a regular ternary 
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solution Y as shown in equation (1). 
G*S(Y)= Xj^XgO^g + XgX^agQ + X^^X^OQJ^ (1) 
where «ab" 
X^ = ternary mole fraction of component i 
Z = coordination number 
N® = Avagadro's number 
^AA'^BB'^AB ~ energ of A-A, B-B, A-B bonds. 
There are several ways of blending binary data to develop 
ternary systems. Fig. 3 shows the geometry representation of 
such blending by the four major empirical equations that have 
been used to develop ternary equilibrium from data for the 
constituent binaries. The corresponding analytical 
expressions for the four approaches are given in Equations 2 
through 5. 
Kohler equation(constant Xj^/Xg, X^/Xq, Xq/X^): 
xs 2 xs 2 xs 
^ABC == (^BC ) 
Xb/XC ^A/^C 
2 XS 
+ (1—Xr) (G^g) (2) 
XA/%B 
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Figure 3. Empirical equations predicting thermodynamic 
properties of ternary system from binaries 
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Colinet equation(constant XJ ,^ XG, Xq) :  
xs 1 i=m-l j=m xs 
'ABC = - Z 2 (GI,.) (3: 
2 i=l j=i+l 1-Xj ^ ^ Xj 
G 
Toop equation( constant X^^ and Xg/X^): 
xs Xg xs X{2 xs 
2 xs 
+ (1 - X^) (Ggc) (4) 
Muggianu equation(constant X^-Xg, Xg-X^^, X P^ -X Q) 
xs X^Xg xs 
Z Z =K 
(X.+ —)(Xg+ —) 
2 2 
%B%C xs 
(Ggc) 
(Xb+ )(Xc+ ) 
2 2 
(Xr+ ) (X.+ ) 
2 2 
xs 
'( ^ AC ) (5) 
Xa-XC =K" 
The geometry in Fig. 3 shows that the estimated results 
Toop's model depend on the choice of component subscript. 
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thus its applicability is limited. The other three models 
give consistent predicted values of the ternary properties 
which are independent of the choice of the component subscript 
due to the geometry symmetry. 
In an attempt to draw conclusions regarding the 
suitability of different equations for different types of 
systems, Ansara et al. [47] have compared ternary phase 
boundaries and thermodynamic values calculated for selected 
alloy systems that have been derived with these different 
empirical equations. Their review showed that, generally, the 
phase boundaries for the selected systems do not change 
significantly when derived from one equation to another. They 
did suggest these equations should be used with close 
attention when partial values have to be derived. They also 
concluded that, basically, it is difficult to draw a 
systematic conclusion regarding selection of particular 
equation for specified alloy system because each binary system 
behaves differently with respect to the deviation from ideal 
behavior. 
Until now, only a few calculations have been performed 
for the Fe-C-Si equilibria. Aaronson et al. [48], with some 
assumptions, calculated the equilibrium compositions along the 
boundary of the a/a+y equilibrium in the Fe-C-Si system from 
experimental information concerning the boundary of r/a+r 
equilibrium. With relevant thermodynamic data [49,50,51] and 
with arbitrarily assumed values for some interaction 
13 
parameters, Agren [52] calculated a set of ternary isothermal 
sections for the iron-rich corner between 973 and 1373K. 
These calculations are too restricted in nature to serve the 
purpose of the present undertaking. 
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III. CALCULATION METHODS 
A. Background 
A numerical iteration method was used in present 
investigation. Thermodynamic data that were required for the 
calculations include (1) lattice stability equations for the 
real and hypothetical allotropes of Fe, C, and Si as well as 
(2) expressions for the Gibbs free energy of the various 
solutions and compounds which represent the phases within the 
Fe-C-Si system that compete for stability. 
Requisite quantitative expressions for the elemental 
transitions in Fe, C, and Si were available from the 
publications of Kaufman [35] or Kaufman and Nesor [36,37] and 
are reproduced in Table 1. For the binary systems, analytical 
expressions for the excess enthalpies and entropies of 
formation for most of the phases of interest were also 
available from the publications of Kaufman [35] or Kaufman and 
Nesor [36,37]. Such data for the Si-C, the Fe-C, and the Fe-
Si system are given, respectively, in Tables 2, 3, and 4. All 
energy units are Joules per gram atom (J/mole of atoms), 
temperatures are in degrees Kelvin (K). Notations L, G, a, y, 
and X refer respectively to liquid, graphite, body-center 
cubic, face-center cubic, and hexagonal close-packed phases. 
However, no data were available to describe hypothetical a or 
Y solid-solution phases in the Si-C system nor for a graphitic 
solid solution in the Fe-Si system. Numerical coefficients 
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Table 1. Lattice stability values for the element 
Element Lattice stability(Joules/mole) Comments 
*Fe Gl° - Gq° = -25.104T T > 300 
Gl° - = 13807.2 -7.6316T T > 1665 
Gl° - G^° = 14744.416 - 8.1965T T > 1665 
G^° - G^° = -5235 + 9.4T 
-0-005295T2 
+0.0000009221T^ 1100< T <1500 
= -6108.64 + 3.4618T 
+0.007472T2 
-0.0000051251^ 700< T <1100 
Gl°- Gx° = 16572 - 12.88T T>1665 
1 o
 
-
i o
 
II 8368 T >300 
o
 o
 
- = 
-32635 - 12.552T T >300 
GL° 1 Q 
•
<
 
o
 
II 
-24267 - 12.552T T >300 
Ga° 1 O
 
Q 
o
 
II 146858 -14.644T T >300 
GL° - Gx° = -12.552T T >300 
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Table 1. Continued 
II O 1 
-12.97T 
- Ga° = 6276 - 10. 
o
 O I
I o >-
0
 1 -12.13T 
II o 1 
-25.10T 
=L° - Gx° = 418-12.13T 
LrLiquid. GrGraphite. aiBody-center cubic, 
r:Face-center cubic. X;Hexagonal close-packed. 
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Table 2 . Analytic description of the Si-C system 
Phase 
Y 
V - Xc°Hc^ 
- Xsi°Esi^ 
- Xsi°Ssi^ 
+ R(XgilnXgi + 
- Xq°Sq^ Comments 
x^lnx^) 
Liquid XsiXc35564 1600 < T 
< 4200 
° refers 
to liquid 
Graphite XgiXc83680 0 300 _< T 
< 4000 
° refers 
to 
graphite 
a estimated estimated 
Y estimated estimated 
Com­
pound 
H -
- Xsi*Hsi® 
S - Xc*Sc* 
- %si*ssi^ 
Comments 
Sic -115688 -20.40 e =H.C.P, 
Xq* = 0.5 
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Table 3. Analytic description of the Fe-C system 
Phase 
Y 
M Y V o„ Y 
•jr Otj Y APE Hpg 
CY V OQ Y y Oc Y S ^Fe ®Fe 
+ R(XPGLNXPG + X^lnX^) 
Comments 
Liquid 
-XpgXc(91630Xpe 
+ 156053XC) 
-XPGXC(10.544XPG + 
48.953XC) 
1300 < T 
< 4200 
° refers 
to 
liquid 
a -XPEXC(35146XPG 
+ 95814 XG) 
XPGXÇ(37.823XPG + 
29.079XC) 
300 _< T 
< 1900 
° refers 
to a 
Y -XPGXÇ,(94558XPG 
+ 155266 XÇ,) 
XPGXÇ,(2.929XPG + 
-  5.816 X^) 
300 < T 
< 1900 
° refers 
to r 
Gra­
phite 
XPGX(,41840 0 300 < T 
4200 
° refers 
to 
graphite 
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Table 3. Continued 
Com­
pound 
H -
- Xpg Hpg® 
S - Xc*Sc® 
- Xpg Spg® 
Comments 
FegC -31810 -0.9 e=F.C.C. 
Xc*=0.25 
Table 4. Analytic description of the Fe-Si system 
Phase 
Y 
H/ -
- Xsi°asi^ 
- Xpe°SFe^ 
- Xsi°Ssi^ 
+ R(Xp0lnXp0 + 
XgilnXgj^ ) 
Comments 
Liquid 
-XFeXsi(173636XFe 
+ 108366 Xgi) 
-XFeXsi(38.49Xpg 
+ 17.57Xgi) 
1400 j< T 
< 2000 
° refers 
to liquid 
a 
-XpeXsi(129704Xpg 
+ 297064Xsi) 
-XpgXgj^ (7.95Xpg 
+ 136.82Xgi) 
300 < T 
j< 1800 
° refers 
to a 
Table 4. Continued 
20 
Y -XFeXsi(136817Xpg 
+ 304177 Xgi) 
—Xpe^si(1•95Xpg 
+ 136.82Xg^) 
800 < T 
< 1700 
° refers 
to Y 
Gra­ estimated estimated 
phite 
Com­
pound 
H - S - Xpg Spg® 
- %Si*Ssi^ 
Comments 
FeSi -61505 -13.786 e=B.c.c. 
Xpg =0.5 
coefficients for the thermodynamic functions describing the 
formation of these three solid-solution phases were considered 
to be adjustable parameters. After combining the available 
binary data through the use of Kohler equations, these unknown 
parameters were adjusted to minimize the Gibbs energies of the 
system at 1273 and 1573K to produce calculated phase 
boundaries in reasonable conformity with experimentally [23] 
determined phase boundaries at those two temperatures. 
Because the thermodynamic functions associated with the 
21 
a-»y transition in elemental Fe are strongly temperature 
dependent in the temperature range of interest, the analytical 
expressions of Kaufman and Nesor for this transition were 
found to be relatively intractable. On this basis, Harvig's 
[33] analysis of Raymond and Chipman data [31] gave datum 
points that were fitted over a series of successive 
temperature increments, and these fits were used in the 
calculations. The appropriate numerical expressions are given 
in Table 5. 
1. Phases with extensive range of homogeneity 
The Gibbs free energy of formation of a solution Y in a 
binary i-j system may be considered as having several 
contributory terms: 
Gi^j(Y) = XiGi°(Y) + XjGj°(Y) + RTCX^lnX^ + XjlnXj) 
+ AG.- (6) 
where G^° and Gj° are the differences between the Gibbs free 
energies of the pure ith and jth elements in the form of the Y 
phase and in their reference form. X^ and Xj are the mole 
fractions of the ith and jth components, and AG^^j®*(Y) refers 
to the excess Gibbs free energy of the Y phase. This excess 
function has been treated as varying with composition 
, according to the equation. 
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Table 5. Numerical expression of lattice stability of 
Y to a transition of pure Fe 
Temperature Range Expression 
(K) (Joules/mole) 
950-1000  -4533 .  .93+4 .  .1990T 
1000-1050  -3393 .  .05+3 .  .0590T 
1050-1100  -2113 .  .79+1 .  ,8390T 
1100-1150  -1523 .  .67+1 ,  3029T 
1150-1200  -895 .  33+0.  ,7554T 
1200-1250  -614 .  52+0.  5209T 
1250-1300  — 406 .  72+0 .  3547T 
1300-1350  -208 .  74+0.  2024T 
1350-1400  -26 .  69+0.  0675T 
1400-1450  121 .  25-0 .  0382T 
1450-1500  271 .  18-0 .  1417T 
1500-1550  410 .  
o
 
1 1
—
1 
2 343T 
1550-1600  506 .  32-0 .  2964T 
1600-1700  786 .  
o
 
1 0
0 in 4 719T 
1700-1800  1112 .  
o
 
1 o 
CO 6637T 
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AGi jeX(Y) =XiXj(XiY(i,j) + XjY(j,i)) (7) 
with Y(i,j) and Y{j,i) being expressed as 
Y(i,j) = a + bT (8a) 
Y(j,i) = a + b T (8b) 
This formulation has the advantage of taking a possible 
asymmetry of a solution into account, since Y(i,j) could 
differ from Y(j,i), and this is indeed the case for the 
liquid, B.C.C. and F.C.C. solutions in the Fe-C and Fe-Si 
systems. 
In the ternary system, i-j-k, the Kohler equation is used 
to describe the solution interactions. The Gibbs free energy 
of a ternary solution phase Y, is given by: 
where a is a running index (a=i,j,k) and X^ refers to the 
ternary atomic fraction of the ath constituent with ZX^^l. 
The coefficients Y(a,g) and Y(g,a) are those determined for 
the subsidiary binary. No attempt was made to incorporate 
ternary interaction parameter into expression for Gj^^j^j^(Y). 
24 
2. Compound phase interactions 
For the sake of simplicity, all the binary compounds were 
considered as having invariant stoichiometry, that is, as line 
compounds, e.g., Peg 75CQ 25 and Sig gCg 5 without ranges of 
the homogeneity. In cast iron metallurgy, the compositions of 
ternary alloys lie mainly near the iron-rich corner and with 
Si content less than 20% in weight. In this composition 
region, the more important phases that compete for stability 
are liquid, y, a, graphite, plus the compounds Sig gCg 5 and 
Peg 75CQ 25* ^ ternary compound of iron silicon-carbide has 
been reported as the equilibrium phase at some temperatures, 
and it has the formula Peg ^2^0.13810.15 according to 
Malinochka and Dolinskaya [19], but other researchers have 
reported other stoichiometries, such as a range of 
^®0.66^0.17^^0.17 ^®0.75^0.1258^0.125 [53], or 
95^0.03^^0.02 [54]. Due to lack of thermodynamic 
information, and to the fact that two out of three reports 
place the composition outside the range of interest, iron 
silicon-carbide was was given no consideration in the 
calculation. Only the metastable cementite was included as a 
compound in the ternary phase diagram, and because the 
solubility of silicon in ternary cementite is negligibly 
small [55] in the Fe-C-Si system, the ternary cementite was 
considered to be a line compound with fixed stoichiometry 
^®0.75^0.25-
The Gibbs free energy of the binary i-j compond, Y, 
25 
defined by a fixed stoichiometric composition, X^* and Xj*, is 
expressed by, 
G(Y) = Xi*Gi°(0) + Xj*Gj° ( e )  + 6G@(Y) (11) 
and the Gibbs free energy of the ternary compound Y is derived 
from the definition by Kaufman and Bernstein [28] as, 
G(Y) = Xi*Gi°(9) + Xj*Gj°(0) + Xk*Gk°(8) 
+ ÛGQ(Y) + RT[X]ç*lnX]ç* + (1 - X]ç* - Xj*) 
ln(l - Xj^* - Xj*) - (1- Xj*)ln(l- Xj*)] (12) 
where Xg*(a=i,j,k) is the atomic fraction of the component a, 
0 is designated as the reference phase of the compound, and 
AG0(Y) represents the Gibbs free energy of formation of 
compound Y by pure elements in its reference phase 0. AGQ(Y) 
for Sig 5C0.5, Feo.75Co.25 FGo.sSio.S given in Table 
2, 3 and 4 as: 
Sio.5Co.5(e=H.C,P.): -115688 + 20.40T (13a) 
Feo.75Co.25(0=F.C.C.); -31810 +0.90T (13b) 
Feo.5Sio.5(0=H-C.P.): -61505 + 13.786T (13c) 
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B. Calculation Techniques 
There are basically two ways of computing phase 
equilibria that are equivalent in principle but different in 
procedure. One procedure is the equalization of the chemical 
potential() of the ith component in each competing phases, 
the alternative procedure is the minimization of the total 
Gibbs free energy (Gj^) of the phase ensemble. 
The chemical potential technique requires more tedious 
numerical manipulation than the minimization technique because 
the chemical potential technique involves the derivative terms 
of the energy parameters with respect to the component 
composition. This becomes cumbersome in the ternary case with 
more first and second derivative terms being considered than 
in the binary case. The minimization technique was therefore 
employed in the present work to calculate both the binary and 
ternary phase diagrams. The chemical potential technique was 
used in some binary calculations for comparison purposes. 
1. Minimization technique 
Two independent variables, for a and y phases, are 
involved in calculation of two-phase, a&y, equilibrium in the 
binary i-j system. As for two-phase equilibrium in ternary i-
j-k system, three independent variables, for a, y phase and 
Xj for a phase are included. Other dependent compositional 
variables can be obtained by level-rule and conservation of 
mass which interrelate the independent and dependent 
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compositional variables. 
a. Two-phase equilibrium Fig. 4 illustrates the 
application of the minimization technique to a binary system 
containing a total of one mole of mixture of phase a and T 
with average composition for each constituent i. The 
competing phases include homogeneous solutions and/or 
compounds. 
If it assumed that a two-phase state, ( a ,l) + ( Y ,l), 
exists, the average molar Gibbs free energy of the system 
is given at composition on the line A,l-Y»l- The 
composition of a and y phases are then varied in such a way 
that Gg^ decreases gradually along line A-B, and that the 
minimum of Gj^ will finally be reached at Gj^®^ when a and y are 
placed on the points of tangency on the common tangent. This 
minimum defines the two-phase equilibrium with the tangent 
intercepts being partial molar quantities. In order to 
calculate the equilibrium compositions of the coexisting 
phases by the minimization technique, the total Gibbs free 
energy of the system under consideration was first formulated 
as. 
Gm = + ^^y^Y = ^R^G^ + (1-FR„)G^ (15) 
with FRy= fraction of phase a, y of the two-phase 
mixture, G^^, G^ = Gibbs free energy of phase a and y, and by 
the phase rule. 
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(ATOMIC FRACTION OF COMPONENT i) 
Figure 4. Minimization of for determining equilibrium 
composition of a and y phases 
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In calculating the equilibrium between a and y phase, if 
a is selected as the standard state, and the lattice stability 
of phase transformation of a to y of the pure component g be 
Pg, then Gjjj of the system as described in equation (15) is 
translated into, 
G„= FR [G (ideal) + G (excess)] 
In oc ct oc 
+(1 - FR^)[gXgPg + Gy(ideal) + G^(excess)] (17) 
Meanwhile, for the sake of brevity and without detailed 
description of the derivation procedures, Gj^ of the 
equilibrium between solution phase a and compound Y in the 
binary system can be described as, 
G„ = FR [G (ideal) + G (excess)] 
+ (1 - FR^)[AGQ(Y) + (18) 
and Gjjj for the equilibrium between a phase and cementite 
in the ternary system is, 
G„ = FR [G (ideal) + G (excess)] + (1 - FR ) 
lu 01 oc cc cc 
(-61505 + 13.786T) + _ .2. ,X* P„ + RT P=1 ,] ,K p p 
[Xj,g*lnXj,g* - (1 - X^*)ln(l - X^*) + 
(1 - Xpg* - X^*)ln(l - Xpg* - X^*)] (19) 
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In equations (18) and (19), Pg refers to the lattice 
stability of g component for a(standard state) to e(reference 
phase of compound) transformation, and 6G@(Y) is the Gibbs 
free energy of formation of compound Y from reference phase 0 
of the participating element g. 
The minimization of equations (17) to (19) are carried 
out numerically by the "Nelder-Mead Simplex" iteration 
techniques [56] under the constraints set for component 
composition and the fraction of the competing phases a,y; 
0 < < 1 and = 1 (20a) 
x T  -  x f  
0 < — (= FR )< 1 (20b) 
xT - x" ** 
xT - xf" 
0 < ( 1 1 ; )(= FR ) < 1 (20c) 
xT - X? Y 
This method searches for minimum values of a multi-
variable function, especially of the system in the present 
instance. The method starts with an equilateral geometric 
figure known as a "simplex". For a two-variable problem such 
as a binary calculation, the simplex takes the form of an 
equilateral triangle, and for three-variable problem such as a 
ternary calculation, the form is a triangular pyramid. This 
general pattern is followed for problems with higher numbers 
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of variable. Fig. 5 illustrates the process of minimization 
operations for a two-variable calculation, for example, a/y 
equilibrium in the Fe-Si system in which Si compositions of a 
and Y solution are independent variables. The object function 
(G^) of n variables (Si contents in a and Y) is evaluated at 
the points formed by the n+1 vertices of the geometric 
simplex. The starting coordinates of the vertices and the 
size of simplex are arbitrarily chosen. Let Pjj be the vertex 
with highest evaluated Gj^ value, and 1,2 be the remaining 
vertexes. P^, is then rejected because its value is inferior 
in comparison to the others. A new point, is then 
selected away from the worst point by reflecting the rejected 
point Pjj to the mirror coordinate of the original simplex. 
This movement passes through the center of gravity of the 
remaining n points. The geometrical shape of the simplex is 
preserved after the reflection operation. Once again, the 
-evaluation is performed at the new reflecting point P^ef* 
If reflecting produces a new best value (lowest G^^), then 
the reflecting point is expanded to the new position Pg^p* If 
reflecting yields a new worst value (highest G^l, then a 
contracted point P^on defined. If neither of the above two 
cases occurs, then the reflecting point P^gf *111 replace the 
worst vertex P^ and a whole new simplex is created. Some 
definite criteria are needed to evaluate the failure or 
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?coj 
2 
ORIGINAL SIMPLEX: 1-2-Ph 
REFLECTING POINT; Pjcf « P + (P-Ph) 
EXPANSION POINT; Pexp » P + (Pref-P)A(A>1) 
CONTRACTION POINT: Pgon " ? + <Pref-P)B(0<|E|<l) 
Figure 5. Regeneration of two-dimensional simplex of 
Nelder-Mead iteration method 
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success of the expansion and contraction points before further 
operation is executed. This process of vertex rejection and 
regeneration by reflection, expansion and contraction proceed 
until some mathematical criteria indicate that the level of 
improvement by subsequent moves does not warrant the effort. 
b. Three-phase equilibrium In the ternary system, 
the compositions of three coexisting phases are uniquely 
defined if pressure and temperature are fixed. The three-
phase region of a ternary system is represented by a tie-
triangle in an isothermal section as shown in Fig. 6 for a/y/L 
equilibrium of Fe-C-Si system. 
The sides of such a triangle are three tie-lines, A-B, E-
C and A-C, and the three corners represent the composition of 
three equilibrium phases. As illustrated in Fig. 6, the 
equilibrium composition of a in cc/y equilibria moves from AB^ 
toward point A, and the composition of a in a/L equilibrium 
moves from AC^ toward point A as the three-phase coexistence 
is approached. When they meet at point A, one vertex of tie-
triangle is defined and its composition is identified. Thus 
the invariant point A can be calculated by solving the 
equilibrium composition of a which satisfies the two-phase 
equilibria of both a/y and a/L. Vertex B and C are to be 
resolved in a similar way. 
BA 
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AB 
Y + L 
Figure 6. Search for invariant points A, B, C 
of tie-triangle 
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2. Chemical potential technique 
In a two-phase a/r equilibrium, the chemical potential 
of each component in each competing phase is of the same 
magnitude. 
The chemical potential of component i and j of the a 
phase of the i-j binary are defined as. 
energy of phase a. Two-phase equilibria between two solutions 
a and y at fixed temperature requires that. 
(22a) 
"j" = <=(=> + '1 - Xj) (-1#^ (22b) 
with Xj= atomic fraction of component j, G(a)= Gibbs free 
a  Y 
(23a) 
a  Y 
(23b) 
where is the composition of the A/a+Y boundary and X^ is 
the composition of the O+Y/Y boundary. Two equations are then 
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to be solved, 
Gi = A/i 
= f j  
X " 
= 0 
=a I =y = ° 
(24a) 
(24b) 
Equations (24a),(24b) are solved numerically by the 
Newton-Raphson iteration technique by writing the recursion 
relations as. 
X = X (k) + AX (k) 
Y Y Y 
(k+1) = X (k) + ax 
(25a) 
(25b) 
where K represents the Kth iteration after initial guess of 
( 0 )  Xy^v' and X^(0). The corrector AX^ and AX^ to the previous 
eqaution iterates X^ and X^ with the determinant form being, 
are. 
J AX 
- G, 
-  G ,  
9G] 
IjT 
c 
9G, 
IT 
a  (26a) 
J AX 
a  
9G] 
SX 
30, 
W  
— Gi 
— G-
(26b) 
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where J, the Jacobian determinant, is 
J = 
9G, 9G, 
ax 
3G, 
ax 
a  
ac. 
ax ax 
(27) 
The iteration process described by equations (25a) and 
(25b) converges when the relative error between successive 
iterates falls below some tolerable limit e, i.e.. 
AX (k) < s X (k) 
and AX (k) < s X (k) 
(28a) 
(28b) 
In computing the phase boundary composition of the 
solution phase a in binary i-j with the compound phase Y, the 
chemical potentials are equilibrated, yielding. 
Y  
i X, = f t ;  
Y 
"Y 
a  X = 
a  
Y Y 
(29a) 
(29b) 
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with X = composition of component j for the compound Y: I(i_ 
After some manipulations, the composition of the a 
phase, X^, can be calculated by solving, 
G(y) = X*[G(a) + (1 - X^ ) X ^ 
oc 
+ (1 -  X*)[G(a)  -  X^ X ]  (30)  
oc 
X* is the composition of line compound Y .  This one-
variable (Xgj equation is numerically solved by the Newton-
Raphson method by the recursion equation. 
X (k+1) = X (k) + AX (31) 
a  a  a  
-G(X (k) ) 
with ÛX = pj-T (32) 
" 9G(X^/ ' ) 
3=a* 
The iteration converges when ÛX^^ falls below the 
criteria s. 
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IV. RESULTS AND DISCUSSION 
A. Binary Systems 
Figs. 7 to 10 display the calculated binary phase 
diagrams along with the experimental results for the Si-C 
[6,7], Fe-Si [10], and Fe-C [1,2,3] system, the latter in its 
stable and metastable state, respectively. These diagrams 
were calculated by minimization of the total Gibbs free energy 
of the system. The experimental data are from Scace and Slack 
[6] and Dolloff [7] for Si-C system, from Kubaschewski's 
review [10] on the Fe-Si system, and from the compilation work 
of Hansen [1], Elliott [2] and Shunk [3] for Fe-C system. 
As in Fig. 7, experimental results from the two 
investigations concur that SiC decomposes by peritectic 
reaction but there is appreciable discrepancy between the 
maximun terminal solubilities and peritectic temperatures from 
the two determinations, namely, 19 at % C with 3103+40K [6] 
and 27 at % C with 2813+40K [7]. The calculated diagram shows 
a peritectic reaction occurring at 15.4 at % C and 2990K which 
lies between the two experimental data. The calculated 
solubility of C in liquid matches well with the experimental 
work of Scace and Slack [6]. 
Fig. 8 presents the investigation of the Fe-Si system of 
which only the iron-rich side was studied. The boundaries of 
Y-loop are adapted from the work of Fischer et al. [57] and 
Ubelacker [58]. Their observations are in excellent 
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T(K) 
3500 
exp. [6] 
exp. [7 ] 
calc. 
^ L + Graphite 
19 at% C ^ 31D3+40K 
3000 
.4 at% C 2990K 
L + SiC 
27 at* C 2813±40K 
2500 
SIC 
2000 
Figure 7. Si-C phase diagram 
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calc. 1809 
1800 
1700 
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1665 
1600 
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uoo 
1300 
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1186-H. 
1184 
1100 
20 
Sicsn (01%) 
Figure 8. Fe-Si phase diagram 
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1809 1600 7W.0D24 
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1700 
1665 
1600 
1500 
0090, fee K 1400 
1300 
031 
1011 
Fe (bcc) 
0 20 0-25 0 05 010 0 1 5  
% 
exp. [1,2,3] 
calc. 
Figure 9. Stable Fe-C phase diagram 
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Fcrtccî 
1600llr^j76e,o-024 
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-Fèibcc) 
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exp. [1,2,31 
calc. 
Figure 10. Metastable Fe-Fe^C phase diagram 
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agreement. The observed a + y region at maximun extends from 
3.19 to 3.8 at % Si at 1423K, while the calculated maximun 
extends from 3.55 to 3.90 at % Si around 1375K. The 
calculated Y-loop results in a narrower a + y field than the 
experimental data. Calculated solidus and liquidus curves 
agree reasonably well with the experimental curves. 
Fig. 9 shows the results of stable Fe-C system where the 
stable equilibrium phases are liquid, a, r, S and graphite, 
where 5 refers to high-temperature B.C.C. The calculated 
boundaries are consistent with the observed data except for 
the liquid/graphite equilibria. Table 6 presents the data of 
the critical points in the stable Fe-C system which include 
the horizontals of peritectic, eutectic and eutectoid 
reactions. The accord between experimental and calculated 
values for the temperature and composition of these invariant 
reactions is apparent from the table. 
Table 6. Invariant equilibria in the stable Fe-C system 
Peritectic reaction ( L + 5 Y ) 
Temperature(K) Composition(at % C) 
S Y L 
exp. 1766 0.35 0.80 2.40 
calc. 1755 0.61 0.97 2.97 
Table 6. Continued 
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Eutectic reaction ( L y + graphite ) 
Temperature(K) Composition(at % C) 
Y L Graphite 
exp. 1426 9.00 17.10 100.00 
calc. 1438 9.40 17.70 99.99 
Eutectoid reaction ( y a + Graphite) 
Temperature(K) Composition(at % C) 
a Y Graphite 
exp. 1011 0.10 3.10 100.00 
calc. 1010 0.09 3.09 99.99 
Fig. 10 displays the comparison between the computed and 
the experimental results of metastable Fe-FegC system. 
Numerous carbides are reported in the literature but only two 
of them have been investigated under normal pressure and 
metastable equilibrium condition. They are cementite usually 
with the formula Fe^C crystallizing in an orthorhombic 
structure and a HSgg carbide with the formula ^^2.2^ being 
stable between room temperature and 503K. Since our interest 
is in the high temperature transformation of Fe-C-Si system. 
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only FegC will be considered in the metastable equilibrium. 
As indicated in Fig. 10 and Table 7, the metastable Fe-FegC 
system exhibits good agreements between the calculated and the 
observed phase boundaries. 
The metastable F e - F e ^ C  system has lower temperatures and 
higher C contents for eutectic and eutectoid reactions than 
the stable Fe-C system. The calculated data also duplicate 
this relationship between the stable and metastable system. 
Table 8 shows a comparison between the calculated and the 
observed eutectic and eutectoidal equilibria for both the 
stable and the metastable systems. 
Table 7. Invariant equilibrium in the metastable Fe-Fe^C 
system 
Eutectic reaction ( L y + Fe^C) 
Temperature(K) Composition (at % C) 
exp. 1420 
calc. 1432 
Y 
9.10 
9.80 
L 
17.30 
18.40 
FegC 
25.00 
25.00 
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Table 7. Continued 
Eutectoid reaction ( y a + Fe^C ) 
Temperature(K) Composition (at % C) 
a Y FegC 
exp. 1000 0.00 3.50 25.00 
calc. 1001 0.09 3.33 25.00 
Table 8. Eutectic and eutectoid reaction for the Fe-C and the 
Fe-FegC system 
Eutectic reaction { L -> y + graphite ) 
Temperature(K) Composition (at % C) 
exp. 
Fe-C 1426 
Fe-FegC 1420 
calc. 
Fe-C 1438 
Fe-FegC 1432 
Y L 
9.00 17.10 
9.10 17.30 
9.40 17.70 
9.80 18.40 
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Table 8. Continued 
Eutectoid reaction ( y a + Fe^C ) 
Temperature(K) Composition (at % C) 
a Y 
exp. 
Fe-C 1011 0-10 3.10 
Fe-FegC 1000 0.00 3.50 
calc. 
Fe-C 1010 0.09 3.09 
Fe-FegC 1001 0.09 3.33 
To validate computational accuracy, all the binary phase 
diagrams were also computed by the method of equalization of 
chemical potential. Table 9 to 16 display comparative results 
from the two computational procedures along with the observed 
data for representative equilibria. It may be noted that the 
method of equalization of chemical potential converges towards 
the prescribed iteration criteria more rapidly than the other 
method. 
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Table 9. Calculated and observed phase boundaries of the 
Si-C system; Liquid/SiC 
Temp.(K) Liquid 
observed [6] 
composition ( at% 
calc. (Gain)a 
Si) 
calc. 
3000 12.00 16.55 16.55 
2950 10.00 12.73 12.79 
2900 9.00 9.91 9.96 
2850 7.50 7.77 7.80 
2800 6.20 6.11 6.13 
2750 4.70 4.81 4.82 
2700 3.90 3.77 3.78 
2650 3.05 2.95 2.96 
2600 2.30 2.29 2.30 
2550 1.80 1.77 1.78 
2500 1.30 1.36 1.36 
2450 1.00 1.04 1.04 
2400 0.80 0.78 0.78 
^Minimization method. 
^Chemical potential method. 
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Table 10. Calculated and observed phase boundaries of the 
Si-C system; Liquid/Graphite 
Temp{K) Liquid composition (at % Si) 
observed [6] calc. (Gai*)' calc. (Pi) 
3500 
3400 
3300 
3250 
3200 
3150 
3100 
42.00 
36.00 
30.00 
2 6 . 0 0  
23.50 
21.00 
19.00 
43.21 
36.13 
29.81 
2 6 . 0 8  
24.13 
21.82 
19.55 
43.20 
36.14 
29.81 
26.95 
24.28 
21.82 
19.55 
^Minimization method. 
^Chemical potential method. 
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Table 11. Calculated and observed phase boundaries of the 
Fe-Si system: a/r 
Temp(K) composition : y/a (at % Si) 
observed [10] calc. (Gain)* calc. 
1600 1.70/2.20 1.51/1.68 1.52/1.71 
1550 2.60/3.20 2.26/2.53 2.26/2.51 
1500 3.10/3.65 2.85/3.17 2.87/3.17 
1450 3-25/3.85 3.30/3.67 3.30/3.64 
1400 3.20/3.75 3.46/3.80 3.52/3.87 
1350 2.90/3.50 3.46/3.80 3.52/3.87 
1300 2.40/3.00 3.20/3.52 3.18/3.50 
1250 1.65/2.15 2.36/2.72 2.38/2.63 
1200 0.55/0.85 0.84/0.91 0.81/0.90 
^Minimization method. 
^Chemical potential method. 
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Table 12. Calculated and observed phase boundaries of the 
Fe-Si system; a/Liquid 
Temp(K) composition: a/Liquid (at % Si) 
observed [10] calc. (Gmin)a calc. (Pi)b 
1750 5.50/8.00 6.94/8.67 6.94/8.67 
1700 9.90/13.00 10.02/12.46 10.03/12.47 
1650 13.00/16.90 13.00/15.84 12.98/15.84 
1600 16.50/20.50 16.20/19.25 16.21/19.24 
1550 19.50/23.00 20.10/23.07 20.21/23.08 
^Minimization method. 
^Chemical potential method. 
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Table 13. Calculated and observed phase boundaries of the Fe-C 
system: y/L 
Temp(K) composition; 
observed [1,2,3] 
a/Y (at % C) 
calc. (Gain)* calc. (4^)b 
1500 7.57/15.00 8.01/15.66 8.01/15.66 
1550 6.39/13.49 6.62/13.51 6.62/13.50 
1600 5.24/11.65 5.18/11.21 5.19/11.21 
1650 4.07/9.65 3.76/8.78 3.76/8.78 
1700 2.62/6.65 2.37/6.16 2.37/6.16 
1750 1.16/3.02 1.08/3.27 1.08/3.27 
^Minimization method. 
^Chemical potential method. 
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Table 14. Calculated and observed phase boundaries of the 
Fe-C system: Liquid/Graphite 
Temp(K) Liquid composition (at % C) 
observed [1,2,3] calc. calc. (a/^)^ 
1900 21.40 23.21 23.21 
1850 20.88 22.57 22.57 
1800 20.47 21.97 21.97 
1750 20.00 21.39 21.40 
1700 19.45 20.84 20.85 
1650 18.95 19.92 20.33 
1600 18.65 19.82 19.83 
1550 18.00 18.96 19.35 
1500 17.83 18.31 18.89 
1450 17.34 17.63 17.34 
^Minimization method. 
^Chemical potential method. 
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Table 15. Calculated and observed phase boundaries of the 
Fe-FegC system: y/FegC 
Temp(K) Y composition (at % C) 
observed [1,2,3] calc. calc. 
1400 
1350 
1300 
1250 
1200 
1150 
1050 
8.65 
7.80 
7.12 
6.40 
5.52 
4.77 
3.84 
8.70 
7.93 
7.20 
6.49 
5.80 
5.14 
3.90 
8.69 
7.93 
7.20 
6.49 
5.80 
5.14 
3.90 
Table 16. Calculated and observed phase boundaries of the 
Fe-FegC system; L/Fe^C 
Temp(K) Liquid composition (at % C) 
observed [1,2,3] calc. (0%!^)^ calc. (p^jb 
1475 20.93 20.19 20.19 
1450 18.49 18.07 18.06 
^Minimization method. 
^Chemical potential method. 
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B. Ternary System 
Phase relationships in the Fe-rich corner of the Fe-C-Si 
ternary system have been calculated for conditions of both 
stable and metastable equilibrium, and the experimental phase 
boundaries [23] at 1273 and 1573K were used both for 
parameter adjustment and to check the validity of calculated 
results. 
After combining the available binary data through use of 
Kohler equations, three unknown parameters were adjusted to 
minimize the Gibbs free energy of the system at 1273 and 1573K 
while obtaining reasonable agreement between calculated and 
experimental phase boundaries. The levels of agreement that 
were achieved are shown by the isothermal sections in Figs. 11 
to 13 with parameters for the three solid solution phases as 
follows : 
G®* (graphite in Fe-Si) = 41840 XpeXgi 
G®* (a in Si-C) = 2000 
G®* (Y in Si-C) = 0 
Tables 17 to 19 show further comparison by giving 
calculated and experimental values for compositions associated 
with the corners of the triangles bounding the three-phase 
regions at 1273 and 1573K. The isothermal sections as shown 
in Figs. 11 to 13 indicate that the calculated and 
experimental boundaries of two-phase equilibrium are within 
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T = 1273K 
Iron sillcocarblde exp. [23] 
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X 
X 
X 
15 10 s 
Corbofl ( ot.% ) 
Figure 11. isothermal section at 1273K (a/Y/FegC) 
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Figure 13. Isothermal section at 1573K (a/r/D 
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Table 17. Comparison of tie-triangle composition 
T = 1273K (a/r/FejC) 
At% calc. exp.[23] 
Si 9.28 12.06 
Fe 88.62 85.29 
C 2.10 2.65 
Si 11.32 14.18 
Fe 88.44 85.47 
C 0.24 0.35 
Si 0 0 
*(= Fe 25.00 25.00 
C 75.00 75.00 
® ( a / Y ) / ( Y / F e j C ) .  ^ ( Y / a ) / ( a / F e 3 C ) .  C p e g C .  
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Table 18. Comparison of tie-triangle composition 
T = 1273K(a/r/graphite) 
At% calc. exp.[23] 
Si 9.82 11.22 
Fe 87.81 86.33 
C 2.37 2.45 
Si 12.10 12.98 
Fe 87.64 86.67 
C 0.26 0.35 
Si 0 0 
Fe 0 0 
C 100.00 100.00 
a / Y ) / ( r/Graphite). Y / a ) / ( a/Graphite). ^ Graphite. 
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Table 19. Comparison of tie-triangle composition 
T = 1573K (a/r /L)  
At% calc. exp.[23] 
Si 7.83 9.29 
Fe 89.76 88.29 
C 2.41 2.42 
Si 9.30 10.42 
Fe 89.84 89.09 
C 0.86 0.49 
Si 8.00 10.43 
Fe 84.95 83.62 
C 7.05 5.95 
a/Y)/(y / L ). Y/a) / (  a /L )  .  C(a/L)/(L/Y). 
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2 at%, and the agreement is even better for equilibrium 
reactions where liquid phase is involved. The boundaries of 
two-phase fields were drawn by connecting ends of pairs of 
equilibrium tielines. Compositions at the corner of triangle 
bounding the three-phase region show calculated values that 
have lower silicon and higher iron content (0.9-3 at%) than 
the experimental value and with excellent match for carbon 
content. 
No attempt was made to incorporate ternary interaction 
parameters into the calculations. Thus, a total of only three 
parameters were adjustable. On this basis, the level of 
agreement between experimental and calculated results were 
considered acceptable. 
A total of nine isothermal sections were calculated for 
the Fe-rich portion of the stable Fe-C-Si system from 1073 to 
1773K and another four for the metastable system from 1073 to 
1373K. The composition regions of interest were those bounded 
by pure Fe, Fe-20at% Si and Fe-20at%C. 
For both the stable and metastable systems, the 
isothermal sections through the temperature range 1073 to 
1373K (Figs. 14-15) show only solid phases in the composition 
region of interest. At higher temperatures the liquid phase 
become competitive, and the isothermal sections through the 
temperatures 1573 to 1773K (Fig. 16) show liquid as an 
equilibrium phase that becomes increasingly dominant with 
increasing temperature. Metastable Fe^C disappear in this 
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Figure 14. Stable isothermal sections from 1073 to 1373K 
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Figure 15. Metastable isothermal sections from 1073 to 1373K 
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Figure 16. Isothermal sections from 1573 to 1773K 
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temperature region. Above the melting point of Fe ( 1 8 1 1 K ) ,  
only a single-phase Fe-rich terminal liquid solution and a 
liquid plus graphite two-phase field appear in isothermal 
sections. Because Fe^C melts [23] or decomposes [1] near 
1500K, Figs. 14, 15 represent equilibria below and Fig. 16 
above the metastability range of cementite. The analysis of 
experimental data by Brewer et al. [23] indicates no 
experimental distinction between the high-temperature 
equilibria developed from the stable system as compared to the 
metastable system, and Brewer's analysis is the basis for the 
experimental boundary in Fig. 13. The calculations are 
consistent with Brewer's analysis because, at temperatures 
above the metastability range of cementite, there is no 
mathematical term that remains to give rise to metastable 
liquid boundaries. 
Tables 20-21 further detail the calculated values for 
compositions associated with the corners of the triangles 
bounding the three-phase regions for all the calculated 
isothermal sections. 
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Table 20. Tie-triangle composition of a/Y/Graphite(I) 
and a/Y/FegCdl) equilibrium 
T(K) 
Comp. 1073 1173 1273 1373 
(at%) I. II. I, II. I. II. I. II. 
Si 3.90 3.78 7.21 7.30 9.82 9.28 11.41 10.93 
Fe 93.79 93.94 90.96 90.82 87.81 88.62 85.41 86.17 
C 2.31 2.28 1.83 1.88 2.37 2.10 3.18 2.90 
Si 5.58 5.45 8.99 9.13 12.10 11.32 14.09 13.42 
Fe 93.34 94.48 90.89 90.74 87.64 88.44 83.35 86.07 
C 0.08 0.07 0.12 0.13 0.26 0.24 0.56 0.51 
Si 00 00 00 0 0 
Fe 0 25.00 0 25.00 0 25.00 0 25.00 
C 100 75.00 100 75.00 100 75.00 100 75.00 
* ( A / Y ) / ( Y / * ) .  ^ ( Y / « ) / ( A / * ). ^Graphite(I),Fe3C(II). 
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Table 21. Tie-triangle composition of cc/r/h equilibrium 
T(K) 
Comp. 1573 1623 1673 1723 
(at%) 
Si 7.83 6.19 4.26 1.92 
Fe 89.76 91.80 94.02 96.78 
C 2.41 2.01 1.72 1.30 
Si 9.30 7.27 5.04 2.26 
Fe 89.84 91.83 94.11 96.98 
C 0.86 0.90 0.85 0.76 
Si 8.00 6.71 4.73 2.10 
Fe 84.95 87.44 90.39 94.03 
C 7.05 5.85 4.88 3.87 
^ ( a / Y ) / ( Y / L ) .  Y/a) / (a/L) .  C(a/L)/(L/Y). 
70 
V. SUMMARY 
Phase relationships in the Fe-rich corner of the Fe-C-Si 
ternary system have been calculated for conditions of both 
stable and metastable equilibria. The calculations were based 
on the thermodynamic properties of the constituent binary 
systems which were collected from selected literature by 
Harvig [33], Kaufman [35], Kaufman and Nesor [36,37]. 
The binary thermodynamic data generated binary phase 
diagrams in good agreement with the experimental observations. 
Numerical coefficients for thermodynamic functions were used 
as adjustable parameters for hypothetical a and y solid phases 
in the Si-C system and graphitic solid solution in the Fe-Si 
system. After combining the available binary data through the 
use of the Kohler equations, these unknown parameters were 
adjusted to minimize the Gibbs energies of the system at 1273 
and 1573K to obtain reasonable agreement between calculated 
and experimental phase boundaries. 
Nelder-Mead simplex method was used to search for 
minimization. Basic-coded programs were developed to 
implement the numerical iteration. No attempt was made to 
incorporate ternary interaction parameters into the 
calculations. Nine stable isothermal sections from 1073 to 
1773K and four metastable isothermal sections from 1073 to 
1373K were obtained. The level of agreement between 
experimental and calculated results was considered acceptable. 
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